Urgent guidelines of modern chemistry have directed researchers' attention to the use of biomass not only as a source of food, feed, medicinal drugs, fragrances and energy, but also as fine chemicals. Certain easily isolable biomass components are now used as chemical reagents in the synthesis of novel products with a higher added value, replacing existing chemicals based on petroleum sources. Among these biomass components, the essential oils stand out as a valuable source of diverse terpenoid and phenylpropanoid compounds with many bio-medical applications. The aim of this work is to review existing materials in the utilization of the synthetic potential of essential oils extracted from some tropical plants towards their conversion in new functionalized heterocyclic compounds, which could be useful as a pharmacological model in drug research and development.
Throughout the ages, humans have relied on natural products (secondary metabolites) from plants. Historically, chemists have studied plants to find new molecules, which could be useful for practical application. During this long and hard process, numerous natural products were first isolated, characterized and then applied for human needs, especially medicine [1] . Therefore, natural products and their related moieties have been extraordinary as a source of therapeutic agents. Although research into natural products in the pharmaceutical industry has reduced in the last 5-10 years, natural products are still a predominant source of novel drug leads [2] . However, nowadays other urgent guidelines of modern chemistry have directed researchers' attention to the use of biomass basis, which is not only as a source of food, feed, medicinal drugs, fragrances and energy, but also as fine chemicals [3] . Interest in the biomass-to-chemical value chain raised as the chemical industry accelerated the development of sustainable manufacturing processes; this is mainly due to the necessity of reducing society's dependence on crude oil. Indeed, some easily isolable biomass components are now used as chemical reagents in the synthesis of novel products with a higher added value, replacing existing chemicals based on petroleum source. Ethanol, furans, glycerol, lactic acid, succinic acid, hydroxypropionic acid/aldehyde, levulinic acid, sorbitol and xylitol are all important platform molecules or building blocks for the synthesis of bio-based chemicals [4] . In contrast to the vast vegetable components such as carbohydrates, proteins, fats and some terpenoids, the essential oils (EOs), natural products of the secondary metabolism of aromatic plants, were poorly explored in this context [4b,5] .
The EOs are highly variable and complex mixtures of volatile constituents which belong almost exclusively to two distinct groups with different biogenetic origins; these groups correspond to the terpenic and aromatic (C 6 -arenes) molecules so-called phenylpropanoids. These mixtures have been widely used for bactericidal, virucidal, fungicidal, antiparasitic, insecticidal, medicinal and aesthetic applications, especially in pharmaceutical, sanitary, cosmetic, agricultural and food industries [6] . Despite diverse bio-medical application, EOs could also be suitable materials to be utilized as suitable chemical agents. Being terpenic and/or phenolic in nature with additional functional groups, essential oil constituents appear as attractive renewable precursors in the construction of new and diverse molecules with novel structural and skeletal diversity with a higher added value (pharmacological, biological, physical properties) [7] .
However, successful synthetic use of these oils in the preparation of such molecules depends on various biological, botanical and chemical factors, namely, the plants that give essential oils must be cultivated in large quantities and with an easy handling; they also should give EOs performance as high as possible, > 3-8 % and preferably its main component (which would be principal reagent) reaches a content > 55-60 %. Searching for OEs plants with these characteristics, several sources could be found. For example, eugenol, 2 methoxy-4-(2-propenyl)phenol, had been obtained in 76.8 % of the total oil composition, which is extracted from dry clove buds of clove tree Syzygium aromaticum (Myrtaceae) in yields exceeding the 12.7 % [8] . Another arylpropane C 6 -C 3 derivative, p-allylanisole (estragole or methyl chavicol) is a major component . This phenylpropanoid is also abundant in several Piper spp., especially P. auritum Kunth [13] .
Another distinctive group of EOs is terpenic molecules, which are also very attractive materials in synthetic organic chemistry. Among diverse terpenoids, geraniol (3,7-dimethylocta-trans-2,6-dien-1-ol) and citronellal (3,7-dimethyl-6-octenal), two monoterpenes stand out as both commercially important fragrance materials and organic building blocks [14] . The major components of the essential oil from citronella grass Cymbopogon nardus (Poaceae), cultivated in India, were citronellal (29.7 %) and geraniol (24.2 %) [15] , while the oil of Eucalyptus citriodora (lemon-scented Eucalypt; Indeed, some of them, citronellal or eugenol and safrole have been successfully used in the preparation of different bioactive compounds [14b,19,20] . However, their EOs and others as chemical reagents for heterocyclic synthesis have been poorly investigated. The present mini-review deals with the production of new heterocycles using diverse EOs as reagents extracted from tropical aromatic plants, in which one component (phenolic or terpenic molecule) is present as a major component.
Star anise and clove bud essential oils. These essential oils are considered as very suitable raw-material sources in heterocyclic synthesis [21] . The olefinic nature of main components of these oils allows the use of them in the construction of diverse quinoline and benzofuran ring systems, which are common scaffolds of numerous natural products, e.g., alkaloid or phenolic metabolite groups. Moreover, synthetic quinoline and benzofuran derivatives are extremely important because of their wide spectrum of activities, which include antiparasitic, antibiotic, antifungal, antiviral, antioxidant, anti-tubercular, anticancer activities and others [22, 23] .
Our group has demonstrated for the first time the synthetic applicability of star anise and clove bud EOs for these heterocycles. First, a three-component condensation ([4+2] cycloaddition reaction) starting from anise oil (i.e., trans-anethole 1) or from the anise seeds under scCO 2 conditions, anilines 2, and benzaldehydes 3 in the presence of acid catalyst to give polyfuncionalized cis-2,4-diaryl-3-methyl-tetrahydroquinolines 4 was achieved in very simple and efficient manner [24] (Scheme 1). Thus, star anise EO was used as a renewable material in which the major component (trans-anethole) acts as a chemical reagent (dienophile) in this type of the cycloaddition reactions. The remarkable features of these procedures are mild and green reaction conditions, good yields and reaction rates, and cleaner reaction profiles.
Although eugenol 7 (e.g., clove EO) has also olefinic nature, it could not be used in similar transformations. To be useful as a dienophile, eugenol should be converted into trans-isoeugenol 8 (e.g., transformed clove bud EO). Noteworthy that transformation of allylbenzenes like 7 into the corresponding 1-propenyl derivatives (e.g., 8) is a clear example of the synthetic utility of this textbook reaction since the latter are common starting materials in the flavor and fragrance industries, as well as advanced intermediates for the preparation of a large variety of biologically active compounds. Following this idea, isomerization reaction of clove bud EO has been performed with potassium hydroxide (10% KOH) supported on alumina that allowed to have a modified clove EO with 50.5 % content of cis/trans-isoeugenol with 1:6 cis/trans ratio. This last product was used in diverse transformation without previous purification [26] . As depicted in Scheme 2, a modified clove OE was employed as dienophile component 8 in the [4+2] cycloaddition reaction with an aldimine derived from anilines 9 and benzaldehydes 10 to obtain new heterolignan-like tetrahydroquinolines 11, which could be prospective and safe agents for adjuvant cancer therapy [27] . Some of these 6,7-methylendioxy-1,2,3,4-tetrahydroquinoline derivatives resulted in active compounds having a greater selectivity index compared with colchicine and doxorubicin, reference compounds that confirm their potential in cancer treatment [28] . A simple treatment of 8 with formaldehyde in methanol under basic conditions gave a new 2-methoxy-4-(5-methyl-1,3-dioxan-4-yl)phenol 12, which exhibited potent antioxidant activity that was ca. 3-fold more potent than vitamin E [29] . An easy preparation and remarkable antioxidant properties of this 1,3-dioxane phenolic derivative make it attractive as a molecular model in pharmacological research. Other interesting transformation of renewable and nontoxic phenylpropanoids 1 and 8 into complex heterocycles, isoindolo[2,1-a]quinolin-11(5H)-one derivatives 15, new pharmacologically important rigid molecules, was recently completed. Their simple and effective construction was easily achieved through cycloaddition/intramolecular amide cyclization cascade reactions of these phenylpropanoids, anilines 13 and 2-formylbenzoic acid 14 without solvent using catalytic amorphous milled cellulose sulfonic acid (AMCell-SO 3 H) [27, 30] (Scheme 3).
The last example is worth mentioning: biomass was used not only as starting fine chemical reagents (e.g., activated alkenes 1 and 8), but also as substrates for recoverable heterogeneous acid catalysts (e.g., modified cellulose-based acids like AMCell-SO 3 H). As the most abundant renewable feedstock derived from plants, cellulose derivatives and EOs are attractive for the heterocyclic synthesis of new chemical entities using green processes.
Essential oils as chemical reagents in heterocyclic synthesis
From these examples of the synthetic use of clove bud essential oil, the very powerful potential of isoeugenol molecule in the construction of bioactive heterocycles could be seen. However, isoeuegenol is present in many species in small concentration as a minor component, while safrole, close analog of eugenol, as it was mentioned above is a major constituent of sassafras EO from the fruit of Sassafras albidum. Curiously, this oil has been not yet utilized in heterocyclic synthesis. In this context, green and efficient conditions of isomerization reactions of both eugenol and safrole into respective "iso-analogs", isoeugenol and isosafrole have become an actual and important task [31] . Among diverse reaction conditions of this transformation, microwave irradiation technique seems to be more suitable and perspective [32] taking into consideration that microwave-assisted hydrodistillation process is an efficient, fast and economically feasible technique for the extraction of EO from vegetable materials [33] . The assistance by microwave irradiation in both chemical and physical processes results in very short and efficient method and in the near future would allow doing extraction and conversion steps in one-pot manner. Other groups of EOs with high terpenes content also show great chemical potential. Terpenes are one of the largest and most diverse classes of organic compounds produced by all plants. They are derived biosynthetically from isoprene units, which consist of five carbon atoms [34] . In this review, only two simplest structurally related terpenic molecules, citronellal and geraniol, which belong to the monoterpene group, are discussed.
Citronella oil. Citronella oil, extracted mainly from Cymbopogon nardus, can be used in various therapeutic and biological applications. This essential oil has also exhibited good efficacy against mosquitoes [35] . The annual production of this valuable renewable feedstock is around 2300 metric tons. Its major component (40-50 %) , citronellal is typically isolated as a nonracemic mixture of its R and S enantiomers by steam distillation or solvent extraction. This acyclic monoterpene is recognized as a raw material for commodities such as isopulegol, menthol, -tocopherol, and irones [14b]. Conversely, its synthetic use in heterocyclic synthesis is still underdeveloped. Among early citronellal-based heterocyclic synthesis, highly efficient synthesis of nepetalactone 18, aphid sex attractant [36] and isoiridomyrmecin 19, defensive iridoid of Iridomyrmex ants [37] should be mentioned. The production of nepetalactone using (S)-citronellal 16 is based on the intramolecular [4+2] cycloaddition reactions (Scheme 4a) [38] , while synthesis of isoiridomyrmecin involves the cyclocondensation reactions starting with (R)-citronellal 17 (Scheme 4b) [39] .
Scheme 4: Chemical conversion of citronellal into iridoid natural products.
Among nitrogen-containing heterocycles, octahydroacridines (OHAs) stand out as a pharmacologically interesting class of linear tricyclic molecules [40] . Its preparation consists of a simple interaction between aniline derivatives 13 and citronellal 16 or 17 through intramolecular imino Diels-Alder reaction in the presence of acid catalysts. This approach is the most atom-economic, furnishing the OHAs in high yields. The use of the EO of citronella, obtained from Brazilian Cymbopogon nardus (L) Rendle, as a chemical reagent in this reaction makes it "greener". Indeed, this eco-friendly protocol was successfully applied to the synthesis of OHAs 20 by use of anilines and crude citronella oil, avoiding the necessity for separation of citronellal [41] (Scheme 5). Noteworthy, the employed EO contains 40-51% of (R)-citronellal 17. However, the formation of cis/trans OHAs (1:1 cis/trans ratio) occurred under reaction conditions. The diastereoselectivity of the cis/trans OHA product using these reactions appears as a central problem for the synthetic organic and medicinal chemists. Fortunately, it was recently demonstrated that the bulky Nsubstituent group (allyl, propargyl and benzyl substituent) in anilines plays a key role in the formation of the cis/trans ratio of OHAs. Authors [42] found that the use of the N-benzylanilines 21 and citronella EO, containing 45.7 % of citronellal allowed completing a highly diastereoselective process, which offers the easily separable trans-fused N-benzyl substituted OHAs 22 in good yields (Scheme 6). Although chiral chromatographic analysis is not yet available for this EO from native Colombian Cymbopogon nardus (content of citronellal enantiomer is unknown in the mixture), the citronella essential oil from C. nardus proved to be a cost-effective renewable source of citronellal to successfully create diverse functionalized OHA products as potential bioassays substrates [43] .
Palmarosa oil. Like citronellal, geraniol is a biologically and synthetically important acyclic monoterpene that presents as a main component of palmarosa EO (Cymbopogon martini). It is a common constituent of several EOs and occurs in Monarda fistulosa (> 95 %) [44] , ninde oil (66.0 %) [45] and rose oil (44.4 %) [46] . This terpenoid is of pharmacological and commercial importance due to the antioxidant, antifungal and antimicrobial action [47] . Moreover, its esters of carboxylic acids like geranyl acetate are important components of many natural fragrances that are used in the food, cosmetics and pharmaceutical industries.
Thus, laboratory preparation of these monoterpenoids and their chemical transformation into new heterocyclic geraniol-based molecules are an important and perspective task. Being an abundantly available naturally occurring allylic alcohol, geraniol has been used as a starting material to prepare diverse potentially bioactive heterocycles, e.g., geraniol-based 1,2,4-trioxanes with potent in vivo antimalarial activity [48] or (2R,3R)-3-methyl-3-hydroxypipecolic acid, a key intermediate in the synthesis of dual MMP-13/aggrecanase inhibitors [49] . Additionally, the best-known 94 Natural Product Communications Vol. 14 (1) 2019 Kouznetsov oxidized derivatives of geraniol are iridoids with important medicinal properties [50] . However, there is only one report describing the use of palmarosa EO as a raw material for the synthesis of new heterocyclic molecules [51] . In this work, the authors developed new sustainable and eco-friendly protocol for novel geraniol esters-based oxiranes 25 using essential oil of palmarosa (C. martinii), enriched (83.9 %) with geraniol 23.This protocol involved Gd(OTf) 3 -catalyzed esterification reaction of palmarosa EO with different carboxylic acids RCOOH in the presence of PPh 3 -I 2 -imidazole as activating system to give geraniol esters 24 and the Prilezhaev reaction (Scheme 7). Final products, 6,7-epoxy geranyl esters 25 are interesting models for pharmacological studies as well as the synthesis of novel compounds with a complex molecular architecture.
Scheme 7: Synthesis of geranyl esters using palmarosa EO and its oxidation reaction for geraniol esters-based oxiranes.
However, it should be noted that using hydrodistillation of the dried leaves and stems of Colombian C. martini, palmarosa EO was obtained only in 1.2 % yield. Similar results were reported for C. nardus [52] .
Plectranthus amboinicus EO.
Finally, hydrodistillation of the leaves of Plectranthus amboinicus (Lour) Spring gives an essential oil also in very low yields (< 0.5 %). However, the content of the phenolic monoterpene component, carvacrol varies from 20 % to 88 % growing in different geographical regions [53] . The essential oil yield and its main chemical constituents are also influenced by the environmental factors and different seasons [54] . This herb has therapeutic and nutritional properties attributed to its natural phytochemical compounds, including carvacrol, which is highly valued in the pharmaceutical industry. Noteworthy, that two chemotypes have been reported for this species, one rich in carvacrol (2-methyl-5-isopropylphenol) and the other in thymol (2-isopropyl-5-methylphenol) [53b,c]. However, it should be noted that Thymus vulgaris (thyme) and Origanum vulgare (oregano) EOs are probably better sources of thymol and carvacrol.
The GC-MS analysis of the obtained EO from Colombian P. amboinicus revealed that carvacrol 26 was the main component (67.1 %) with trans-β-caryophyllene (8.8 %) and γ-terpinene (7.4 %) [55] . This fact allowed the use of carvacrol-rich EO as a raw material in the synthesis of respective 6H-benzo [c] The 6H-benzo [c] chromene ring has recently emerged as one of the most privileged scaffolds and an important substructure within the modern drug discovery field showing interesting antiprotozoal activities. Interestingly, thymol readily reacts also in this scheme to furnish analogous benzo [c] chromene derivative. Moreover, similar sequence reactions of clove bud EO with the main component eugenol offer polyfunctionalized benzo [c] chromenes, interesting molecules for biological research [54] .
Conclusion
The imperative need for the development of green and sustainable processes for the conversion of renewable biomass to commodity chemicals is now widely recognized. Some easily isolable biomass components are now used as fine reagents in the preparation of chemical products with a higher added value, supplanting existing chemicals based on petroleum basis. In this context, design and development of the essential oils as valuable platform chemicals are are poorly developed. Main problems of their synthetic use consist generally in low yield of isolation and chemical multi-component nature. However, as it was demonstrated here, certain EOs (eugenol-rich EO, anethole-rich EO and citronellal-rich EO) can be successfully used in the preparation of potentially bioactive heterocycles.
Always looking for more versatile and sustainable protocols for new heterocyclic molecules, these EOs are raised as an alternative and efficient methodology for the replacement of fossil resourcebased production of commodity chemicals. Without any doubts, more sustainable technologies based on renewable biomass including EOs will continue to grow in the future, on the road to a more sustainable bio-based economy.
